Aims. By using the spectral energy distribution (SED) from the near-infrared to the radio of a statistically significant number of luminous infrared galaxies we determine important physical parameters for this population of objects. In particular we constrain the optical depth towards the luminosity source, the star formation rate, the star formation efficiency and the AGN fraction. Methods. We fit the near-infrared to radio spectral energy distributions of a sample of 30 luminous and ultra-luminous infrared galaxies with pure starburst models or models that include both starburst and AGN components. Results. We find that although about half of our sample have best-fit models that include an AGN component, only 30% (9/30) have an AGN which accounts for more than 10% of the infrared luminosity from 8 to 1000 µm, whereas all have an energetically dominant starburst. Our derived AGN fractions are generally in good agreement other measurements based in the mid-infrared line ratios, Ne[V]/Ne [II] and O[IV]/Ne[II] measured by Spitzer IRS, but much lower than those derived from PAH equivalent widths or the mid-infrared spectral slope. Our models determine the mass of dense molecular gas within which active star formation takes place via the extinction required to reproduce the infrared part of the SED. Assuming that this mass is that traced by the HCN molecule, we reproduce the observed linear relation between HCN flux and infrared luminosity found by Gao & Solomon, 2004a . We also find that the star formation efficiency, as defined by the current star formation rate per unit molecular gas mass, falls as the starburst ages. Conclusions. If the evolution of ULIRGs includes a phase in which an AGN contributes an important fraction to the infrared luminosity, this phase should last an order of magnitude less time than the starburst phase. However, we find no convincing evidence that an energetically important AGN is associated with a particular phase of the starburst. Because the mass of dense molecular gas which we derive is consistent with observations of the HCN molecule, it should be possible to estimate the mass of dense, star-forming molecular gas in such objects when molecular line data are not available.
Introduction
With total infrared luminosities between 10 11 − 10 12 L ⊙ and ≥ 10 12 L ⊙ , respectively, Luminous and Ultraluminous Infrared galaxies, (U)LIRGs, are the most luminous objects in the local universe. Although scarce at low redshift, they may account for the bulk of all star formation activity at z > 2 − 3 and dominate the far-infrared background (e.g. Blain et al. 2002) .
Many of them are found in merging systems (e.g. , suggesting that dynamical interaction has driven gas towards the nucleus, fueling a massive starburst (SB) and/or the central massive black hole (Mihos & Hernquist 1996) .
Despite extensive investigation over the last decades, there is still considerable uncertainty as to the nature of their power source.
The observation that ULIRGs obey the same FIR-radio correlation of normal star forming galaxies (e.g. Sopp, Alexander & Riley, 1990) and display a tight correlation between dense molecular gas mass and far-infrared luminosity (Gao Many studies have been devoted to the quantification of the relative contributions of AGN and starburst (SB), but they are hindered by the large and uncertain extinction that, usually, is not negligible even at NIR wavelengths (Goldader et al. 1995 , Murphy et al. 2001 , Valdés et al. 2005 .
In order to analyze the power mechanism in these sources, tracers that do not suffer large extinction have been recently preferred, such as hard X-rays, and MIR to radio diagnostics. Rigopoulou et al. (1996) argue that the weakness of the hard Xray luminosity seen in most ULIRGs, reveals a real lack of AGN activity, because the gas column densities required to absorb its emission exceed those estimated from CO data. Similar conclusions have been found by Risaliti et al. (2006) who concluded that energetically important AGN are present in only 20% of their ULIRG sample.
After the advent of ISO and Spitzer, MIR diagnostics such as the strengths of PAH emission and the 9.7µm absorption features, the high ionization lines, and the MIR continuum slope, have been largely used to quantify the AGN contribution (Genzel et al. 1998 , Dudley 1999 , Imanishi et al. 2007 , Farrah et al. 2007 , Armus et al. 2007 ). However, in spite of a general consensus that the starburst is dominant in about 80% of ULIRGs, there are strong discrepancies in the results obtained with the different methods. This is in line with the recent finding that the strength of PAHs and the shape of the mid-infrared continuum cannot be safely used to disentangle AGN and starburst contributions because, on one hand, there is evidence that PAHs can be destroyed in strong star forming regions and, on the other, that MIR radiation can be self absorbed in a highly obscured environment (Vega et al. 2005 , Weedman et al. 2005 .
In the radio domain, the most direct way of distinguishing between AGN and starburst power sources in ULIRGs is to search for very compact radio continuum emission towards the nuclei. However radio sources of similar physical sizes have been identified as both AGN or a compact starburst, depending on the resolution of the observations. Nagar et al. (2003) , by using 15 GHz radio continuum data with a resolution of 150 mas, have concluded that most of the 83 ULIRGs of their sample are AGN powered because of the compactness of the radio sources detected. However, the resolution of their data corresponds to 420 pc at the median redshift of their sample and, as a comparison, the SNe detected in the NW nucleus of Arp 220 by are within a region 0 .
′′ 2 × 0 . ′′ 4 (75 × 150 pc). Smith et al. find that no AGN is necessary to explain the IR luminosity in this source. As long as the brightness temperature does not exceed 10 7 K the compactness of radio nuclei alone does not support an AGN hypothesis. find that 7/11 ULIRGs observed at 18 cm by VLBI could be modelled as pure starbursts, which would be consistent with their finding that the molecular gas mass is correlated with the radio flux on small scales.
In this paper we follow a different approach to examine the energetic environment in (U)LIRGs. Instead of considering a single spectral region, we base our study on the thorough analysis of the panchromatic spectral energy distribution (SED). Thus, we first determine the NIR -radio SED of a sample of 30 local (U)LIRGs by using archival IR photometry and spectroscopy, and new radio data by Clemens et al. (2007) . Then, these data are compared with suitable models with SB and AGN components. Similar approaches have been adopted by Klaas et al. (2001) and by Farrah et al. (2003) . They used starburst and AGN templates to model the SED from the NIR-submm range, and from the optical-submm range, respectively. We prefer to use models built on well calibrated star forming complexes instead of templates re-scaled to different luminosities for two reasons. Firstly, it avoids the dubious process of "re-scaling" a "template" to another luminosity. This point is well exemplified by the link between lack of PAH emission and dominance of the molecular cloud component with respect to the cirrus component (Vega et al. 2005) . Secondly, the use of models may give access to a more sound physical picture of the environment within which such objects evolve. We are not only interested in the nature of the power mechanism, but also in its environment and evolution. This, in turn, can be used for the study of even more extreme phases such as those likely found at high redshift, which is one of the ultimate goals of the present investigation.
Another major difference with previous works is the inclusion of radio data in the analysis. Radio data constitute an independent constraint on the starburst strength and age. Indeed, Bressan, Silva & Granato (2002) showed that deviations from the FIR/radio correlation could be used to infer the evolutionary status of a compact starburst. Such deviations are expected in bursts of short duration because, at early times (a few ×10 6 yr), there is a depletion of synchrotron emission due to the low rate of production of core collapse Supernovae. Such young sources are characterized by a FIR/radio ratio that is larger than the average of star forming objects, and by a radio slope that is flatter than the average synchrotron slope.
The power of considering also radio data was illustrated by Bressan et al. (2002) and Prouton et al. (2004) . While Bressan et al. limited their comparative analysis to the case of pure starbursts, Prouton et al. (2004) have attempted a full panchromatic analysis by including also the possible contribution from the AGN. The latter authors pointed out the existence of a certain degree of degeneracy between the AGN contribution and dust optical depth of the molecular clouds, mainly arising from a poor sampling of the SED in the MIR spectral region.
The present work supersedes our previous ones for the following reasons. From the observational side, we have greatly enlarged the sample from the original 7 of Prouton et al. to 30 objects. We have also reconsidered and largely increased the number of observational data points, and consequently, our conclusions rely on much better sampled SEDs. This is particularly true for the MIR range, where for about one third of the sample we have also included the Spitzer IRS spectrum. From the theoretical side, we make use of the most recent improvements in our GRASIL SB models (see Sect. 3). These models adopt a better treatment of PAH emission and include results based on IR observations so that they allow a more realistic rendering of the emission in the mid-infrared.
The paper is organized as follows. In Section 2 we describe our sample selection and present the observed SEDs of our galaxies. Section 3 describes the models and the method used to obtain the best fit to the SEDs. Observed SEDs and best fit models are published in electronic form, see also Tables B.1, B.2 and B.3. The results of the fits are presented in Section 4 and they are discussed in Section 5. Our conclusions are drawn in Section 6, while notes on individual objects are provided in Appendix A.
Sample
We study the sample of 30 (U)LIRGs presented by Clemens et al. (2007, hereafter Paper I) . The selection criteria were specificated in that work and are summarized as follows: (a) The galaxies are compact (U)LIRGs from Condon et al. (1991a) (i.e. brighter than 5.25 Jy at 60 µm) with radio data at 3 or more frequencies, including the new measurements at 22 GHz (Paper I). The well-sampled radio spectra will allow us to put strong constraints on the age of the burst of star formation (Bressan et al. 2002) . (b) We also require the galaxies to have a wellsampled infrared SED, with data in the NIR, MIR and FIR spectral ranges. We have excluded from the analysis data at wavelengths shorter than the NIR because, due to the large extinction, they are likely to be dominated by the underlying old stellar population and not by the starburst (e.g. , Farrah et al. 2001 . Thus, the inclusion of optical data would introduce new free parameters, all related with the geometry, ages, and metallicities of this unobscured stellar population. To a similar extent, also the NIR continuum may be dominated by the old population, but its inclusion is needed because a J-K colour excess over that expected from a pure stellar component is a strong indication of the presence of an AGN (e.g. Berta et al. 2003) . Table 1 . Global properties of our sample of (U)LIRGs: Log(L IR ) is the total (8 -1000 µm) IR luminosity calculated from the 4 IRAS bands following Sanders & Mirabel (1996) . D L is the luminosity distance of the galaxy, 12/25 and 60/100 are the IRAS colours and J-K is the observed NIR colour. Galaxies marked with an * have warm IR colors, f 25 / f 60 > 0.2. Galaxies marked with a † have NIR colours J-K> 2, and those marked with a § have available Spitzer IRS spectra. q 1.4GHz is the FIR to radio luminosity ratio, and α
1.4
22 is the radio spectral index between 22 and 1.4 GHz. Galaxies are ordered by decreasing the total IR luminosity Klaas et al. (2001) , (c) Roche & Chandler (1993) , (d) Joyce & Simon (1976) , (e) Rieke (1978) , (f) Rieke (1976) , (g) Joyce et al. (1975) , (h) Weedman et al. (2005) , (k) Benford (1999) , (j) Rigopoulou et al. (1996) , (l) Carico et al. (1992) , (m) Dunne & Eales (2001) , (n) Farrah et al. (2003) , (o) Dunne et al. (2000) , (p) Maiolino & Rieke (1995) , (q) Chini, Kruegel & Lemke (1986) , (r) Dale et al. (2000) , (s) Carico et al. (1988) , (t) Spinoglio et al. (2002) , (u) Gallais et al. (2004) , (v) Charmandaris, Stacey & Gull (2002) , (w) Stickel et al. (2004) , (x) Frayer et al. (1999) , (y) Le , (z) Rieke & Low (1972) , (aa) Lebofsky & Rieke (1979) , (ab) Soifer et al. (2001) , (ac) Brandl et al. (2006) , (ad) Pérez- García & Rodríguez-Espinosa (2001) , (ae) Alonso-Herrero et al. (2001) , (af) Papadopoulos & Allen (2000) , (ag) Hwang et al. (1999) , (ah) Albrecht, Krügel & Chini (2007) , (ai) Alonso-Herrero et al. (2003) The original sample presented in paper I is of 31 galaxies, however we exclude one of the galaxies (IRAS 03359+1523) from this analysis because of the confusion with a nearby source of similar strength in the far-infrared.
In Table 1 we list some general information for our sample, useful for the analysis performed here. Column (1) displays the name of the galaxy. In Col. (2) we list the logarithm of the total (8 -1000 µm) IR luminosity (Sanders & Mirabel 1996) for each galaxy. In Col. (3) we list the luminosity distances, D L , of the galaxies, calculated by assuming H o = 75 Mpc/km/s, Ω M = 0.3 and Ω Λ = 0.7, and the radial velocities given in NED 1 . Columns (4) and (5) list the 12/25 and 60/100 IRAS colours respectively, where all the IR data were taken from NED. Column (6) displays 1 The NASA/IPAC Extragalactic Database is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. the J-K colour. NIR data were taken from IRSA 2 . In Col. (7) we list the value of the FIR to radio luminosity ratio, q 1.4GHz = log log(1.4GHz/22GHz) . In both cases, radio data were taken from Paper I. Column (9) displays the optical spectral classification of each galaxy from NED. Column (10) displays the size of the radio emitting region at 1.4 GHz from Condon et al. (1991a) .
The NIR to radio data
For all the sources of our sample we collected NIR data from the 2MASS All-Sky Extended Source Catalog and IRAS data from NED. Radio data were collected from Paper I. Additional IR and sub-mm broad-band data were taken from the literature. The references to those works are quoted in the last column of Table  1 . In order to clarify which NIR to radio data were effectively used in our SED modelling, we also provide, in electronic form, the SED data for each galaxy.
We searched for Spitzer IRS spectra of our ULIRG sample in the SSC archive and found them for 11 galaxies (projects ID 105, and 14, P.I.: J. R. Houck, and project ID 30323, P.I.: L. Armus) for eleven galaxies of our sample, UGC 8058,  IRAS 05189-2524, UGC 9913, IRAS 08572+3915, UGC 8696,  IRAS 15250+3609, IRAS 10565+2448, UGC 5101, UGC 8387, CGCG 436-30, and NGC 2623 . In order to include them in the fitting procedure, we calculated from the Spitzer spectra the values of the specific fluxes at 5.8 and 10 µm, those in the LW2 and LW3 ISO bands and those in the IRAS 12 and 25 microns bands, by taking into account the suitable filter responses. We excluded the fluxes in the IRAC 3 and IRAC 4 bands because these are too dominated by molecular absorption bands (e.g. Lahuis et al. 2007 ), which are not included in our models.
In the compilation of fluxes care was taken to avoid confusion between different close sources and, in the case of interferometric radio data, losses due to high resolution mapping.
Our objects are compact, with the radio emitting regions ranging from 290 × 239 pc for IR 14348-1447 to 43 × 33 pc for Mrk 331 (see Col. 10 in table 1). They are also isolated so that we are confident that our fluxes sample the entire starburst in all cases.
Models
In this section we describe the model that will be used to interpret the SEDs of our galaxy sample.
As already mentioned, there is considerable evidence that the starburst component is always present and possibly dominates the bolometric luminosity in luminous and ultra-luminous IRAS galaxies. Therefore, we adopt the following approach to find the best fit model. We first test the null-hypothesis that our sample sources are pure starbursts. Then, if the observed SED shows an excess emission over the best fit in those wavelength regions that are more affected by the presence of an embedded AGN, typically in the NIR-FIR range, we reject the null-hypothesis and add an AGN component to the model. The starburst models (SB) are selected from a library generated with GRASIL 3 ) and involve seven main free parameters that will be discussed below.
The best fit is obtained by minimizing a merit function calculated as However, in some cases, the residuals between the observations and the SB model in one or more passbands, mainly in the NIR/MIR range, are larger than the typical error of the corresponding flux. Then we reject our null-hypothesis and consider the possibility that an AGN component, characterized by a hotter dust emission, is present. The AGN model is selected from a library generated with the radiative transfer code developed by Granato & Danese (1994) and added to the SB model in such a way that the total luminosity is
The best fit is again searched by using the merit function given by equation 1. Since the AGN models are characterized by other seven free parameters, one could question that the fit is not more well constrained because the total number of free parameters (SB + AGN) may exceed the number of observed passbands. Actually, anticipating our results, this is the case for one object, IRAS 01364-1042, where the number of adopted passbands is 11 and the estimated contribution of the AGN amounts to ∼10%. However, as will be discussed below, we could have simply estimated the AGN contribution as the flux excess over the best fit SB model. A more critical point is concerned with the radio emission of the AGN which is not considered in the model by Granato and Danese (1994) . Following Prouton et al. (2004) , we assume that the contribution from the AGN to the radio emission is negligible so that the radio emission is entirely ascribed, and actually becomes a strong constrain, to the SB component. This assumption is supported by VLBI observations of the majority of our sources, indicating an average value of S VLBI /S Tot = 0.12 at 1.6 GHz, thus suggesting that the contribution of the AGN to the radio can be neglected ).
In the followings subsections, we briefly describe the library of SB and AGN models.
Starburst models: a brief description of GRASIL
GRASIL is a population synthesis code which predicts the SED of galaxies from far-UV to radio, including state-of-the-art treatment of dust reprocessing , Silva 1999 , Granato et al. 2000 , production of radio photons by thermal and nonthermal processes (Bressan et al. 2002) , nebular lines emission (Panuzzo et al. 2003) and an updated treatment of PAHs emission (Vega et al. 2005) . We refer the reader to the original papers for details, but we summarize here, for convenience, the features most relevant to the present work.
The star formation history of a galaxy with a burst of star formation is computed in the GRASIL chemical evolution code by adopting a Schmidt-type law, S FR(t) = ν Sch M gas (t) k , of efficiency ν Sch , and exponent k. The burst of star formation is simulated by superposing on this quiescent component a starburst phase, characterized by an exponentially decreasing star formation rate, with e-folding times "t b " and age "age b ". In order to quantify the number of massive stars, the code adopts a initial mass function (IMF). The chemical evolution code determines, as a function of the galaxy age (T gal ), the star forming rate (S FR), the supernova rate (SNR), the number of stars of a given mass and metallicity, the remaining mass of gas (M gas ), and the total baryonic mass of the galaxy (M T ).
Then, GRASIL computes the interaction between the stellar radiation and dust using a relatively realistic and flexible geometry for both stars and dust. In general, the system is described as a superposition of an exponential disk component and a bulge component, the latter modelled by a King profile. However, for the starburst models, we consider that the spherically symmetric King profile alone, with core radii corresponding to the radial scale lengths for the star and dust components, r ⋆ , r dust , and identical spatial dependence, i.e. r ⋆ = r dust = r, is a reasonably good approximation .
One of the most novel features of GRASIL is that the ISM is divided into two phases, the diffuse ISM, corresponding to cirrus dust, and the much denser molecular clouds component (MCs). The code performs the radiative transfer of starlight through the MCs and diffuse ISM, by taking into account that new stars are born inside MCs and progressively get rid of them (either because they escape or because the clouds are destroyed). This process leads to a age-dependent extinction of stellar generations, in the sense that the younger stars are more affected by dust obscuration in MCs. This is approximately described in GRASIL as follows. If t esc is the timescale for the process, the fraction of starlight radiated inside the clouds at time t after they formed is given by
In practice, 100% of the stars younger than t esc are considered to radiate inside the MCs, and this percentage decreases linearly to 0% in 2t esc . The timescale t esc is a fundamental parameter, which is found to be larger in starburst than in normal disk-like galaxies . The mass of gas involved in each component is specified by the the parameter f mc , which represents the relative fraction of gas in the molecular cloud phase. Then, the total molecular mass, M mol = f mc × M gas , is subdivided into spherical clouds whose optical depth, τ 1 , is another important free parameter. In general, GRASIL computes the mass of dust by using a Gas-to-Dust mass ratio, G/D. This approach assumes that gas and dust are well mixed and have the same spatial distribution. As for the intrinsic dust properties, GRASIL adopts a mixture of graphite and silicate grains and PAHs with continuous size distribution. Here as in other previous works (see Silva et al. 1998 and Vega et al. 2005 for more details), the dust parameters are set to match the extinction and emissivity properties of the local ISM. The simple stellar populations (SSPs) included in GRASIL are based on the Padova stellar models, and cover a wide range of ages and metallicities. Starlight reprocessing from dust in the envelopes of AGB stars is included directly into the SSPs, as described by .
The library of starburst SEDs
Our starburst library spans a wide range of parameters: star formation history, obscuration times, dust opacities, etc. The underlying quiescent star formation history is fixed using a Schmidttype law for star formation with an efficiency of ν Sch = 0.5 Gyr
and an exponent k = 1, with an infall of primordial gas on a timescale of t inf = 9 Gyr. For the IMF, we have adopted a Salpeter IMF with slope x = 1.35 and
To mimic the starburst, we superimposed, at a late time (11.95 Gyr), an exponential burst with different efolding times, t b . The strength of the burst was fixed by imposing the constraint that the mass of stars formed during the burst is 10% of the gas mass at that epoch. We then follow the evolution of the SED models at different ages (age b ) from the early starburst phase to the post-starburst and quiescent-normal phase Table 2 . Parameters for the star formation history of the model library. M low and M up are the adopted mass limits of the Salpeter IMF; ν Sch is the efficiency of the Schmidt-type SFR; %M b is the percentage of the mass of gas involved in the burst at a galaxy age of 11.95 Gyr; t b indicates the e-folding time of the exponential burst superimposed on the quiescent star formation and age b is the time, measured from the beginning of the burst, at which the SEDs are computed. (see Vega et al. 2005 for a description of those phases). For the computation of non-thermal radio emission we assumed that the lower limit of initial mass giving rise to a type II SN is 8 M ⊙ (Portinari, Chiosi & Bressan 1998 , Bressan et al. 2002b . Among the GRASIL parameters that mostly affect the IRradio range we recall the optical depth of MCs (parameterized via τ 1 i.e. at 1µm), the mass-fraction of dense molecular gas to total gas mass ( f mol ), the escape time of newly born stars from their parent MCs (t esc ), and the gas-to-dust ratio (G/D). Since, there is evidence that the metallicity in this kind of galaxies is slightly super-solar (Rupke, Veilleux & Baker 2007) , we assumed a conservative value for the metallicity of the gas, Z ∼ 1.1Z ⊙ , and a G/D ∝ 1/Z, with the proportionality constant chosen to have G/D = 110 for Z = Z ⊙ (Dwek 1998) .
For the spatial distribution of stars and dust, we adopted a spherically symmetric King profile where the the King profile core radius r was allowed to vary by the typical sizes of compact starburst regions. The last free parameter that we considered in our models was the sub-mm dust emissivity index, β. Theoretical studies indicate β between 1.5 to 2 but infrared SEDs fitted with single or double modified black bodies, require values of β as low as β ≃0.7 (e.g. Dunne et al. 2000) . Instead when the dust temperature distribution is properly computed as in GRASIL, fits to similar sources require β > 1.5, consistent with theoretical predictions.
In summary our starburst models are characterized by the following free parameters, whose ranges of values are listed in Tables 2 and 3 : the e-folding time and age of the burst t b and age b , the sub-mm dust spectral index β, the escape time t esc , the MC optical depth at 1 µm, τ 1 , the fraction of gas in MCs f mc , and the core radius of the King profile for the dust-star distributions r.
AGN models:
A complete description of the AGN models and the numerical method developed to compute the emitted SED can be found in Granato & Danese (1994) and Granato et al. (1997) . Only the basic features are summarized here.
Several papers compared the observed IR SED of AGN with predictions from radiative transfer models within dusty tori, in order to investigate the validity of the unified model and constrain possible geometries for the obscuring structure (e.g. Pier et al. 1993 , Granato et al. 1994 , Efstathiou et al. 1995 , Granato et al. 1997 , Alonso-Herrero et al. 2001 , and Nenkova et al. 2002 .
The Granato & Danese (1994) code solves, through an iterative numerical scheme, the transfer equation of the radiation that originates from the central optical-UV source, in a general axisymmetric dust distribution. The dust is composed of a mixture of grains, in thermal equilibrium with the radiation field, and extends out to a maximum radius r m .
In the absence of precise physical ideas concerning the structure of the obscuring torus, several geometries -and associated free-parameters -are plausible and indeed have been investigated in the papers quoted above (flared discs, tapered discs, cylinders, with and without substantial clumping etc).
A problem which is usually overlooked in this kind of study, is that dust optical properties around AGN are likely to be, to some extent, peculiar. Indeed, Maiolino et al. (2001a), Maiolino et al. (2001b) presented evidence for 'anomalous' properties of dust in AGN. Here the term 'anomalous' is relative to the standard properties of dust grains thought to be responsible for the average Milky Way extinction law and cirrus emission. It is not surprising that the properties of dust grains might be very different in the dense and extreme environment of an AGN. In particular, dust distribution biased in favor of large grains, ranging up to 1-10 µm, much larger than the usual cut at ∼ 0.3µm of Mathis (1977) type models (e.g. Draine 1984 , have been invoked.
Thus, we have adopted several different geometries, but also investigated models in which the size distribution of grains ex- tends to radii, a max , larger than the standard value. Of course, the uncertainty on optical properties of dust further limits the already moderate success of this approach in constraining the geometry (see below).
The SED fitting is performed through comparison with libraries of models. Each library consists of several hundreds of models belonging to a given "geometry class", in which typically 4-5 parameters are varied assigning 3-4 different values to them over a quite wide range. In particular we have consid- ered anisotropic flared discs (for definitions, see Efstathiou et al. 1995) . The geometry consists of a structure whose height above the equatorial plane h increases linearly with the distance in the equatorial plane r (Fig. 1a in Efstathiou et al. 1995) . Therefore the dust-free region is exactly conical, with half-opening angle Θ h . We also introduce (at variance with respect to Efstathiou 1995) a dependence of the dust density ρ, and therefore of the radial optical depth, on the polar angle Θ. The general form used for this dependence and that on the spherical coordinate r is: where α and β are model parameters.
The two additional parameters used to fully characterize the models are the ratio between the outer and inner (i.e. sublimation) radii r m /r 0 , and the equatorial optical depth to the nucleus at 9.7µm, τ e,9.7
The parameter values used in the libraries are: r m /r 0 = 30, 100, 300, 1000, 3000
• Table 3 . GRASIL parameters for the starburst SED library. G/D is the gas to dust mass ratio; β is the dust emissivity index; t esc is the escape time of newly born stars from their parent MCs; f mol is the fraction of gas in MCs; τ 1 is the 1µm optical depth of MCs, and r is the core radius of the King profile for the dust-star distributions.
1.5 -2 5 -80 10 -180 0.05 -0.9 0.01 -1 Table 4 . List of parameter values for the AGN model library. Θ is the view angle, r m /r 0 is the maximum radius of the torus, α and β are model parameters of the dust density distribution; Θ h is is the half opening angle of the dust free region; a max is maximum radius of the dust grain, and τ e,9.7 is the equatorial optical thickness of the dust in the torus. 
a max = 0.3, 0.5, 1.0 µm τ e,9.7 = 1, 3, 10
All possible combinations of parameter values are considered in the libraries. For each corresponding model we compute the SED for viewing angles from 0
• to 90
• in steps of 10 degrees. The impacts of changing various parameters on the predicted SED have been explored in Granato et al. (1994) and Granato et al. (1997) . Here we recall only that, roughly speaking, r m /r 0 is related to the width of the IR bump, whilst τ e,9.7 controls mainly the NIR slope of the SEDs, as observed from obscured directions, as well as its anisotropy.
Indeed, the global result of the various work is that the nuclear SED alone does not allow a strong constraints on the precise geometry of the torus. Several individual analysis have been too optimistic in this respect, due essentially to an insufficient exploration of the parameter space. Some constraints can be put Table 6 . Derived quantities from the best-fit starburst models: τ ff is the free-free opacity at 1.4 GHz, C is the fraction, in %, of the total energy of the starburst reprocessed by the cirrus component.
⋆ , and M T are the logarithms of the final gas mass, the dust mass, the dense molecular gas mass, the mass of stars created during the burst, and the total mass of the galaxy calculated as M gas + M D + M tot ⋆ . S FR c is the star formation rate averaged over the last 10 Myr, while S FR is the SFR averaged over the age of the burst. T th is the percentage of thermal emission to the 22 GHz flux. The last row gives an estimate of the errors on the parameters as described in Sect. 4. on the torus extension and on the optical thickness, and good fits are obtained with flared disc models. However, we point out that in this paper our aim is just to asses the possible contribution of the warm AGN component to the total SED of ULIRGs, without any pretence of discriminating the precise torus characteristics.
Results

Model fits
The good spectral coverage from the NIR to the radio of our sample imposes strong constraints, not only on the global properties of the galaxies, i.e. SFR, but also on other important physical parameters. In the absence of an AGN, the fit to the total IR and radio luminosities is related to the star formation rate, while the detailed shape of the SED is affected mainly by the optical depth of the dust (τ 1 ), the escape time (t esc ), the age of the burst (age b ), the e-folding time of the burst (t b ), the fraction of gas in molecular clouds (f mc ) and the sub-mm dust spectral index (β).
The optical depth mainly affects the MIR spectral range by varying the contribution of the MC emission in the MIR. t esc affects the NIR region, the PAH emission, and FIR colour ( f 60 / f 100 ) by changing the contribution of un-extinguished young red supergiants to the NIR, by the heating of the cirrus from un-extinguished young stars, and by the heating of MCs from extinguished young stars, respectively. Age b affects the radio spectral index, and in combination with t b , it has also been used to parameterize the evolutive phase of the starburst as E SB = Age b /t b . Higher values of E SB , indicating more evolved starbursts, are associated with higher NIR fluxes and cooler FIR colour (see Vega et al. 2005 for a thorough discussion). f mc affects the FIR colour and the sub-millimetre region, while β mainly affects the sub-millimetric region.
Summarizing, earlier evolutionary phases, longer escape times and lower dust masses in MCs combine to heat the molecular clouds producing warmer FIR colour. The sub-millimetre spectral region provides information on the dust emissivity index, and also on the total dust mass, because in this region emission from the MCs and from the diffuse components are comparable. The form of the radio spectrum is defined mainly by the age of the starburst, in the sense that younger objects have flatter radio slopes.
The presence of an AGN may also effect the shape of the SED by adding an extra warm component. Typical evidence of AGN in our observed SEDs is the presence of a near power-law shape in the NIR to FIR spectral region. The three dots-dashed line is the best fit to the data while the thin solid line and the dotted line represent the best fits to two simulated data-sets drawn randomly from the observed values ± a full standard deviation.
In Fig. 1 we show the full SED fits for the galaxies of our sample. The corresponding best-fit parameters of the starburst components are shown in table 5. The last three columns of the table display the value of the evolutionary phase of the starburst, E SB , the logarithm of the IR (8-1000 µm) luminosity integrated Some important physical quantities derived from the best fit models are listed in Table 6 . In Col. (2) we show the required free-free opacity at 1.4 GHz, τ ff , to fit the 1.4 GHz data, i.e. f obs 1.49GHz = f mod 1.49GHz × e −τ ff . Column (3) lists the % fraction of the total energy of the starburst reprocessed by the cirrus component, C; Cols. (4), (5), (6), (7) and (8), show the logarithms of the current total mass of gas (i.e. MC+cirrus), M gas ; the total mass of dust, M D , calculated as M D = M gas /(G/D); the mass , respectively. By construction, the SFR in our starburst models is a decreasing function of time, with a characteristic e-folding time t b of the order of a few tens of Myr. Therefore, the SFR may change considerably during the age of the burst. We show in Cols. (9) and (10) respectively, the SFR averaged over the entire burst, S FR , and the SFR in the last 10 Myr, i.e. the current star forming rate S FR c , as generally probed by line emission diagnostics. Notice that non-thermal emission probes typical lifetimes of the SNII production, ∼ 50 Myr. Finally, the percentage of model thermal emission to the 22 GHz flux is given in the Col. (11).
The last rows in Tables 5 and 6 list the estimate of the errors on the parameters. To estimate the errors we have assumed that the SED of UGC 9913 is representative of the starburst component of our sample of (U)LIRGs. We then calculated several simulated SEDs for UGC 9913, by randomly varying the observational data by ± the corresponding observational error and, for each new SED, a new fit was performed. The fractional errors on the parameters were then estimated as the ratio between their range of values and their mean value: Figure 2 shows, as an example, three fits to the UGC 9913 obtained in this way. The largest values of the errors are derived for the total mass of gas and dust (M gas , M D ) because the emission in these objects is dominated by the molecular component while the cirrus component is not well constrained. The errors for the other parameters are typically < 25%.
In Table 7 , we list the values of the 7 parameters for the best-fit AGN models for the 16 galaxies with emission excesses that could not be fitted by the SB model alone. As already anticipated, one of the galaxies, IRAS 01364-1042, required an AGN contribution of 11.5 %, while the number of passbands was eleven. However, the scope of this work is not the physical characterization of the AGN component but the contribution of the AGN to the luminosity expressed as an excess over the SB luminosity. In Table 8 , we show the contribution of the AGN emission to the luminosity in different IR spectral ranges. In particular, the spectral ranges between 8 -1000 µm, 3 -1100 µm, and 40 -500 µm, are those used in different calibrations for the total IR luminosity (Takeuchi et al. 2005) . In Table 9 we show the flux and the corresponding AGN contribution in 2MASS and Spitzer bands. These fluxes were calculated on the SED by using the appropriate filter responses. For the galaxies with Spitzer spectra the lower row provides fluxes calculated on the observed spectra in the IRAC 3 and IRAC 4 and MIPS 24µm bands. In the IRAC bands, differences with models in the upper row, are mainly attributable to effects of molecular absorption bands (Lahuis et al. 2007 ). The maximum AGN contribution is always confined in the NIR and MIR spectral range. Actually, it was already known both from theoretical studies (e.g. Granato et al. 1997 ) and direct observations (e.g. Alonso-Herrero et al. 2001 ) that the AGN radiation field can heat the dust up to 1000-1500 K, resulting in a dust thermal emission peaking in the NIR to MIR range. Moreover, all galaxies in our sample with J-K≥ 1.7 (see Table 8 ) cannot be modelled with pure SB and have AGN contributions to the 1 -5 µm region higher than 50 %. However, the presence of J-K colours as blue as those of typical of SB galaxies, cannot be used to discard the presence of an important AGN contribution to the IR luminosity. This is, for instance, the case of IRAS 15250+3609, with a J-K= 1.16, typical of a stellar population, but whose SED fitting required a AGN contribution ∼ 20% to the total IR luminosity. Another typical AGN diagnostic in the NIR-MIR range is the 25/60 µm ratio (De Grijp et al. 1985 ). Thus, "warm" galaxies, with 25/60 ≥ 0.2 are likely dominated by the AGN, while "cold" galaxies (25/60 < 0.2) are probably dominated by star formation. In Table 1 , we mark with a * "warm" galaxies of our sample. However, as a result, we can see in Table 8 that not all the warm galaxies needed an AGN contribution, e.g. Arp 299 (25/60 = 0.23) or IC 5298 (25/60 = 0.22), and on the contrary, some cold galaxies, IRAS 15250+3609 (25/60 = 0.18), and UGC 8696 (25/60 = 0.10), needed AGN contributions to the total IR luminosity higher than 10%.
The FIR to sub-mm spectral range is the least sensitive to the presence of an AGN. In the 40 -500 µm range, only two galaxies needed AGN contributions higher than 10%, IRAS 05189-2524, and the completely AGN dominated, IRAS 08572+3915. Similar results have also been found by Schweitzer et al. (2006) for a sample of 27 Palomar-Green QSOs.
In summary, of the 30 galaxies of our sample, 16 needed an AGN contribution in order to fit the SEDs. Only 1 galaxy, IRAS 08572+3915, seems to need a dominant AGN contribution (∼ 47%) to the total IR luminosity. Seven of these galaxies require an AGN contribution to the IR luminosity (8-1000 µm) lower than the estimated error in the IR luminosity (∼ 6%, see last row of Col. 10 in Table 5 ). The NIR to MIR spectral range was well constrained only for the 11 galaxies with a MIR spectrum. Of those, 8 needed an AGN contribution in order to explain their SED+ MIR spectrum, and only UGC 9913, IRAS 10565+2448, and UGC 8387 could be well modelled with pure starburst models. 
Fig. 7.
Correlation between AGN corrected IR luminosity and the derived SFR averaged over the last 10 Myr for our sample of (U)LIRGs. The circles denote the individual galaxies, the solid line represents the best fit to the correlation, and the dashed line represents Kennicutt's relation.
Discussion
One of the main results emerging from our investigation is that in all but one galaxy, IRAS 08572+3915, the starburst dominates the bolometric (∼ IR) emission of the source, with a fractional contribution that is always larger than 80%. About half of the sample can actually be fitted by a pure starburst.
We thus begin the discussion by looking into the main features of the SB components of (U)LIRGs and their possible differences with respect to normal starburst galaxies.
The Starburst Component
All the pure-starburst (U)LIRGs in our sample have e-folding times ranging between 20 to 50 Myrs, while some shorter efolding times are obtained for the mixed (AGN + SB) subsample. In Fig.3 , we show the distribution of t b for pure SB and mixed (U)LIRGs. A K-S test for the two distributions indicates a high probability that the two distributions are different. This would indicate that (U)LIRGs with an AGN are characterized by a more rapidly declining SFR, than pure starburst (U)LIRGs. An exciting interpretation of this finding is that the SFR itself suffers negative feedback from the AGN.
On the contrary, no significant differences are found in the other parameters, i.e. dust opacities, escape times, etc.
The ranges of ages varies between 3.9 × 10 6 yr for IRAS 08572+3915 to 9.8 × 10 7 yr for UGC 6436, with a small trend for older bursts in pure SB objects.
More interesting is the comparison of the MC optical depth, τ 1 , and the degree of obscuration, measured by the quantity age b /t esc , between (U)LIRGs and normal starburst galaxies. Both parameters indicate that (U)LIRGs constitute a population of very dust enshrouded objects with respect to normal starburst galaxies. In Fig. 4 , we show the distributions of τ 1 (left panel) and age b /t esc (right panel) for our sample of (U)LIRGs (solid line) and the sample of normal starburst from Vega et al. (2005) (dashed line). Both histograms indicate that (U)LIRGs and starburst are two very distinct populations and that, consequently, the infrared properties of (U)LIRGs cannot be obtained from those of starburst galaxies just by re-scaling them to higher star formation rates.
The values of the SB evolutionary parameter, E SB , show that many LIRGs and ULIRGs (15/30) are found in the peak phase of the starburst phenomenon (0.20 E SB < 2). None of galaxies is in the early phase (E SB < 0.2); 14 are in an older phase (2 < E SB < 4), and only one, the least IR luminous NGC 6286, is found in the post-starburst phase. The starburst phase defined by the IR colours (an observational quantity) is in perfect agreement with that defined by the E SB parameter (a theoretical quantity), see Fig. 5 . In the same figure we notice that when the estimated AGN contribution is subtracted from the fluxes in the IR bands, (U)LIRGs with AGN fall on the same trend as pure starburst (U)LIRGs (open circles connected to solid circles), indicating that our determination of the AGN contributions is robust.
Another important quantity derived from our fits is the mass of dust. Dunne et al. (2000) have published dust mass measurements for their SLUGS sample, which includes some of our objects. In general, there is a very good agreement between their determinations from 850 µm observations and ours. However, for three galaxies, IRAS 08572+3915, IRAS 15250+3909, and NGC 1614, their estimates are considerable higher than ours, reaching one order of magnitude in the case of IRAS 08572+3915. The likely origin of the discrepancy is that Dunne et al. (2000) determinations are based on the assumption that the dust emitting in the sub-mm range is cold (T∼ 20 K), while GRASIL accounts for a distribution of dust temperatures within the ISM. In the above three galaxies we can see, from the fits, that the sub-mm spectral range is still dominated by a warm MC component which thus require a significantly lower dust mass. We believe that our estimate is more correct, since it is based on the fit to the whole MIR-FIR-submm spectral range.
The total baryonic mass derived for our sample of (U)LIRGs is also in good agreement with dynamical mass estimates (e.g. Genzel et al. 2001 , Colina, Arribas & Monreal-Ibero 2005 , Dasyra et al. 2006 . Moreover, our estimates of the total gas mass are in agreement with those derived from available observations in HI and in CO, see for instance Cols. 7 and 8 in Table 4 by Dunne et al. (2000) , provided that a reduced conversion factor (X-factor) between CO luminosity and mass of molecular gas is used (Solomon et al. 1997) .
Finally, in Fig. 7 we plot the current SFR S FR c versus the AGN corrected IR luminosity of the best-fit models, L SB IR . The solid line represents the best linear fit to the data, i.e. S FR = 1.82 × 10 −10 L IR (M ⊙ L⊙ −1 ). By comparison we also plot the SFR/L IR calibration of Kennicutt (1998) (dashed line). The two calibrations coincide within the accuracy of the models (Kennicutt 1998).
Spitzer spectra
In our starburst models the MIR spectral domain is largely dominated by the MC component. However, in (U)LIRGs this spectral region may be significantly affected by the presence of an AGN. The interpretation of the MIR broad band fluxes may be affected by a degeneracy between the optical depth of the MCs and the contribution of the putative AGN. Indeed observed warm MIR colours may be almost equally well reproduced by increasing the MC optical depth and, at the same time, increasing the AGN contribution (see e.g. IRAS 08572+3915 in Fig. 1 of Prouton et al. 2004.) However an increase of the MC optical depth has the effect of strengthening the 9.7µm silicate absorption feature. Thus, a possible way to break this degeneracy is to complement the broad band fluxes with the 5 -35 µm Spitzer IRS spectrum which carries a great deal of additional information.
We thus searched for Spitzer IRS spectra of our ULIRG sample in the SSC archive and found them for 11 galaxies. For these galaxies the fitting procedure includes also the Spitzer spectra which are shown in Fig. 1 , together with the corresponding models, upwardly displaced by one dex, as solid thick and solid thin lines, respectively.
The largest effect, after accounting for the analysis of the Spitzer spectra, was found for IRAS 15250+3609. As an illustration purpose, Fig. 6 shows how the inclusion of the IRS spectrum changes our spectral classification of IRAS 15250+3609. The left panel shows the best fit to the broad band SED alone. The 20 continuum passbands are very well fitted by a pure SB model with e-folding time of 25 Myr, age of 10 7 yr, τ 1 of 29 and a large current star forming rate, S FR c ∼ 246 M ⊙ /yr. However, the IRS spectrum of IRAS 15250+3609 shows the presence of a deep silicate absorption feature at 9.7µm (right panel). With a starburst alone, it is not possible to reproduce the large optical depth required by this silicate absorption feature and the emission in the MIR-FIR continuum, at once. Indeed, the fit shown in the right panel includes an obscured AGN (torus inclination ∼ 90
• ) contributing ∼ 20% of the IR (8-1000 µm) luminosity, and about 50% to the MIR luminosity. We notice that, though the contribution of the AGN is only 20% of the IR luminosity, other quantities have changed by a significant factor. The optical depth of MC has almost doubled, and now it fits better in the range of (U)LIRGs. The current SFR has decreased from ∼ 246 M ⊙ /yr to ∼ 154 M ⊙ /yr while the model still fits very well the radio data. This happens because the evolutionary phase becomes more advanced (E SB ∼ 1 instead of 0.4) and what actually fuels the radio flux is the the SNII rate, which probes a time interval five times larger than the 10 Myr adopted for the current SFR. It is worth noticing that the common belief (e.g. Elvis et al. 1994 ) is that the presence of the AGN eventually dilutes the 9.7µm feature. IRAS 15250+3609 actually shows the opposite case, since the 9.7µm feature is intrinsically less pronounced in the less opaque MCs of the pure starburst model.
In the other 10 galaxies, the inclusion of the IRS spectrum did not change our classification, although it allowed a more accurate estimate of the SB parameters and, of the AGN contribution.
In summary, of the subsample with IRS spectra, three galaxies, UGC 9913, IRAS 10565+2448 and UGC 8387, were still well fitted by pure SB models. Seven galaxies, UGC 8058, UGC 8696, UGC 5101, NGC 2623 CGCG 436-30, IRAS 05189-2524 and IRAS 08572+3915 were fitted with almost the same SB and AGN components. In IRAS 15250+3609 the IRS spectra revealed the presence of an almost entirely obscured AGN contributing 20% of the IR luminosity. This is where the combined analysis of the IRS spectra and panchromatic SED exploits its maximum capability.
Star formation versus AGN
Sixteen galaxies (53 %) of our sample of 30 (U)LIRGs require an AGN contribution in order to fit their SEDs. However, only 9 (30%) need a contribution to the IR luminosity which is higher than 10 %. In most cases it is lower than 20 %. Only one galaxy, IRAS 08572+3915, seems to be AGN dominated ( 50%, see the discussion below). In 2/30 (6%) objects, the AGN contribution (8-1000 µm) is less than 2%. In these objects the AGN contribution is more important at NIR wavelengths, where it may reach 15% or more, as for UGC 5101 (∼ 50%), while the AGN contribution to the IR (8-1000) luminosity is ∼ 1%. However, it is worth remarking that UGC 5101 shows an evident power law NIR SED and [NeV]15µm emission in the Spitzer IRS spectrum (Armus et al. 2004 ). In the remaining 5/30 (17%) the AGN contribution (8-1000) is of the order of 5%.
For those objects that have been observed with Spitzer, we find that our estimates of the AGN contribution agree very well with those derived by Armus et al. (2007) [II] , although many of their values are quoted as upper limits. We find a different result for two galaxies, IRAS 14348-1447 and IRAS 15250+3609. The first was classified as a pure SB by Armus et al. (2007) , based on the strength of the PAH features. However, we require an AGN contribution of about 10 % to the IR luminosity, in order to match its red NIR colour (J-K= 1.7). In the case of IRAS 15250+3609, Armus et al. find that the power source remains buried even in the MIR, while our analysis of the NIR to radio SED (including the IRS spectrum) requires a buried AGN contributing about 20 % to the IR luminosity. Armus et al. (2007) have estimated the AGN fractions also with other methods, using either the equivalent width of the 6.2 µm PAH feature, or the mid-infrared spectral slope, or the ratio between the total PAH flux and the IR flux. These methods provides AGN fractions that are in general very much higher than those obtained by analyzing the high ionization line ratios which are similar to our values (see appendix for comparisons for individual objects). Therefore, our work supports the notion that neither the mid-infrared slope nor the PAH equivalent widths or relative fluxes provide a good estimate of the AGN contribution (see conclusions in Vega et al. 2005 ).
using the line ratios Ne[V]/Ne[II] or O[IV]/Ne
Summarizing the above results, we find that the contribution of the AGN is well determined in 10/30 objects (33%), while in 5/30 objects it is minimal (5%). In the remaining 15/30 objects (50%) the SED can be well fitted by almost pure starbursts because the total contribution of the AGN is < 1%, less than the accuracy of the model in all bands. Even in the objects where the presence of the AGN is well determined, only in one case, IRAS 08572+3915, does the AGN dominate the bolometric luminosity. In general, the optical spectral types of the galaxies (Col. 9 in Table 1 ) agree very well with the results from the SED analysis. All galaxies classified as "HII" were well modelled with pure SB models. While those classified as "Sy" needed some AGN contributions. The situation is less clear for galaxies classified as Liners. Some of them (4) were modelled with pure SB models, while 5 of them, IRAS 14348-1447, IRAS 15250+3609, IRAS 01364-1042, CGCG 436-30 and NGC 6286, required of the presence of a buried AGN.
Since only 11/30 objects have published Spitzer IRS data that can be used to add further constraints to our fitting procedure, we cannot definitely rule out that the AGN contribution be larger and, in particular, that our conclusions on some pure starbursts need revision. It is, however, less likely that the inclusion of Spitzer spectra changes our conclusion of the overall dominant contribution of the SB in (U)LIRGs (see Sect. 5.2).
SED fits at radio frequencies
In paper I we found a systematic deficit of the 22 GHz emission in our galaxies when compared with that expected from the radio spectral slope calculated at lower frequencies (Clemens et al. 2007 ) . Actually, Fig. 1 shows that the 22 GHz data fall below the best fit model in 19/30 of the galaxies. In 16 out of 19 objets the differences between models and 22 GHz data are small, most of them within the 20 − 30%, as can be seen from the residual plots of the same figure. For 9 objects the 22 GHz deficit is within the observational error. For the other 7 we notice that the 22 GHz flux, though below the total predicted radio emission, actually falls above the predicted synchrotron emission (long dashed line in the plots). Thus a possible explanation is that the deficit at 22 GHz may be due a deficit of thermal emission caused by absorption of ionizing photons by dust within the HII regions (Valdés et al. 2005 ). In the above 7 objects we estimate that the fractional absorption is between 20% to 40%, as can be seen from the open squares in the residual plots of Fig. 1 . Finally, three galaxies, UGC 8387, IZW 107 and Arp 199, show a deficit in the high frequency radio emission that can not be explained by observational errors (unless we have severely underestimated it) or by dust absorption. We are currently investigating the eventual origin of this discrepancy (Clemens et al. in preparation) .
Two galaxies of the sample, UGC 8058 and UGC 8696, show variability at radio frequencies (Fig. 1, Paper I ) on a timescale of a few years (Condon et al. 1991) . In the case of UGC 8058 the higher radio fluxes in Fig. 1 are from observations taken on the same day. They are higher by about 0.4 dex and have a slope which is strikingly similar to that at the lower radio fluxes. The latter data result from observations taken over a period of about 15 Years. The variability may be an indication that the AGN actually powers sporadic emission which dominates at radio frequencies (Lonsdale et al. 2003) . On the other hand it is likely that the lower fluxes are the genuine emission from the starburst, because, in the other alternative and given the amplitude of variability, they should show a much larger scatter around the synchrotron relation. In the fitting procedure we have thus assumed that the lower level radio emission is representative of the starburst. Both galaxies have published IRS spectra which, together with the broad band SED, are well fitted by a composite model, SB plus AGN.
Molecular masses in very actively star forming galaxies
Our SED fitting technique allows a fairly accurate determination of the main physical parameters of the power sources in compact (U)LIRGs, and in particular, a full characterization of the starburst component. One of the quantities that we derive directly from the fit is the mass of the obscuring dust present in the dense molecular clouds. This can be converted into a mass of dense molecular gas associated with star formation, after assuming a suitable gas/dust mass ratio. This method of determining the mass of dense molecular gas in galaxies with high starformation rates, may constitute a viable alternative to the more traditional methods based on the molecular tracers of high density regions (e.g. HCN, see Gao & Solomon 2004a and references therein).
In order to obtain molecular gas masses from the dust masses, we have adopted a conservative value of G/D=100 which is typical of nearby star forming galaxies. This value seems adequate also for our sample because there is evidence that the metallicity in these objects is around solar (Rupke, Veilleux & Baker 2007) . Furthermore, our chemical evolution models indicate that the metallicity of the gas changes by less than 30% during the whole duration of the burst. This allows us to assume a constant dust to gas ratio for all the objects, independent of their evolutionary status.
In Fig. 8 we plot the infrared luminosity (8 -1000 µm) against the values of the dust masses of our objects. In the upper horizontal axis we show the corresponding molecular masses, obtained by assuming G/D=100. The existence of the tight linear correlation between the infrared luminosity and the dust mass of the dense star forming component, reproduced in Fig. 8 , is a natural consequence of the fact that the infrared emission in our objects is dominated by the MC component. The correlation coefficient is R 2 = 0.874, and the non-parametric Kendall tau coefficient is τ K = 0.74, indicating a very low probability of non-correlation. Assuming G/D=100 we find that the best-fit (logarithmic) relation for the galaxies of our sample is
or, in linear form,
This relation is plotted in the figure as a thick solid line, while the thin solid lines correspond to the one-sigma deviation around the mean relation. It is also remarkable that objects with a significant contribution from an AGN lie above this relation. However, when the contribution of the AGN to the IR luminosity is subtracted, these objects nicely fit on the relation. The unique exception is IRAS 08572+3915 which seems to require an IR contribution from the AGN even higher than the value of 47% obtained from the SED fit.
All these findings support the existence of a fairly robust correlation between the infrared luminosity and dust/gas mass of Fig. 8 . Correlation between the dust mass in the dense component, derived from our best fit models, and the IR luminosity for our sample of 30 (U)LIRGs. In the upper axis, we display the equivalent molecular mass for a dust-to-gas ratio of 100. Filled stars denote the total IR luminosity, calculated from the 4 IRAS bands (Sanders & Mirabel 1996) , while the black open circles denote the IR luminosity corrected for the AGN contribution. The latter was obtained by integrating the luminosity of the starburst component of the best-fit model. The thick solid line is a linear fit to this AGN corrected IR luminosity, i.e. the IR luminosity due to the starburst emission component, while the dot-dashed line corresponds to the fit to the total IR luminosity. See text for details. The dotted line corresponds to the fit between the IR luminosity and the dense molecular mass as traced by HCN emission obtained by Gao & Solomon (2004a) . The cross to the upper left denotes the typical errors of the IR luminosities and masses derived with our models as explained in Sect. 4. the star forming component, which could possibly be used to determine the fractional contribution of the AGN in luminous IR objects where the gas mass is known by other methods.
As a check of our finding, we have compared our results with that obtained by Gao and Solomon (2004a) for their sample of 64 star forming galaxies. For these objects, they derived a tight correlation between the HCN luminosity and the IR luminosity, that was interpreted as evidence that both originate in the same region. They obtained the mass of dense molecular gas from the observed L HCN by adopting a conversion factor M dense /L HCN
assuming a typical density of n(H 2 ) ∼ 3 × 10 4 cm −3 and brightness temperature T b = 35 K. Their relation between IR luminosity and dense mass is shown in Fig 8 as a dotted line:
Their relation falls below our relation by about a factor of two. In order to understand the origin of this discrepancy we searched the Gao & Solomon sample for common objects and derived the conversion factors, α HCN , between our estimated gas masses and the HCN luminosities quoted by them. Table 10 lists the values of the IR and HCN luminosities of the 15 common galaxies 4 while Fig. 9 shows the derived α HCN against the IR luminosity. The median value of α HCN for the common objects is 6.0 M ⊙ (K km s −1 pc 2 ) −1 with 87% of the galaxies having α HCN = 6. ± 2.75. The exceptions are Arp 299, and NGC 1614 that are also outliers in the Gao & Solomon correlation. These galaxies have values of L IR /L HCN ∼ 3000, while the mean value of L IR /L HCN in their sample is 900 -1200, implying significantly weaker HCN emission.
Our median value of α HCN is about half that derived by Gao & Solomon (2004a) for their full sample. However the α HCN factor derived by by Gao & Solomon (2004a) is certainly biased towards normal galaxies, that constitute the majority of their sample, and may not be representative of the more extreme conditions of the molecular gas in (U)LIRGs. That a lower α HCN factor would be more appropriate for (U)LIRGs was also argued by Gao & Solomon (2004a) , who noticed that this factor is a sensitive function of the brightness temperature, T b , that can be higher in (U)LIRGs. Indeed, that conversion factors between molecular gas mass and luminosity may be lower in more extreme star forming conditions has already been found for CO emission (Solomon et al. 1997 , Downes & Solomon 1998 . Moreover brightness temperatures reaching hundreds of kelvins have been found in massive Galactic star forming cores (Boonman et al. 2001) .
Making the same approximation as Gao & Solomon, that the HCN emission originates in gravitationally bound cloud cores, and assuming the same core density of n(H 2 ) ∼ 3 × 10 4 cm −3 , we estimate from equation 8 that our α HCN would require a T b ∼ 65
Actually, an accurate determination of the conversion factor between HCN and the mass of the very dense molecular gas needs more extensive studies, including observations of HCN lines at higher frequencies. In this respect, we anticipate that preliminary results of the combined analysis of the SED and the high excitation HCN transitions in Arp 220 (Vega et al. in preparation) indicate that these high brightness temperatures are likely, but also that other factors (abundances, densities, velocity gradients) affect the derived value of α HCN . Greve et al. (2006) , in their very extensive study of the molecular emission in Arp 220, derived a likely range of dense molecular masses of [0.6 -2.0] ×10 10 M ⊙ . Their derived lower limit corresponds to our derived value. We notice also that the upper limit of Greve et al. exceeds the dynamical mass estimated by Downes & Solomon (1998) .
We finally notice that IRAS 08572+3915 falls significantly above the correlation, suggesting that we could have overestimated the SB contribution. However, a further decrease of the SB component is incompatible with the radio SED, dominated by thermal emission, so that a fraction of it should be attributed to the AGN. Alternatively, the starburst in IRAS 08572+3915 could be characterized by a metallicity significantly lower than the average in the sample. In fact, while the typical metallicity of (U)LIRGs is 1.1 solar (Rupke, Veilleux & Baker 2007) Veilleux et al. 1995) . In this case, the thermal radio emission is enhanced (with respect to FIR emission) by about 10%, but, and more importantly, its dense gas mass will be 40% higher than that derived from the assumed dust/gas ratio. This would push the galaxy on the border of the L IR − M gas correlation.
The star forming efficiency, SFE
With the ratio between the current star formation rate and the mass of dense gas, we obtain a quantity which measures the reciprocal of the SF time scale and which is usually called star formation efficiency (SFE, Gao et al. 2004a ). This ratio is plotted in the different panels of Fig. 10 . There is only a weak correlation between the SFE and the IR luminosity of the SB or the mass of dense gas, while an anti-correlation becomes fairly evident (Kendall coefficient, τ K = −0.85) when the SFE is plotted against the evolutionary phase of the SB (bottom left panel). The efficiency of the star formation is larger in the early-peak phases of the starburst (E SB 1.) and then tails off to values characteristic of more normal galaxies (Gao & Solomon 2004) as the starburst reaches the later phases. log(S FE) = −(0.18 ± 0.02) · E SB + (1.79 ± 0.05)
Stars in the bottom panels mark objects in common with Gao & Solomon (2004b) . The right panel shows that this anticorrelation exists even adopting the gas masses derived by them, although with a larger scatter. This shows that the existence of this anti-correlation is not a spurious result of the method we have used to determine the gas mass. On the contrary, we are confident that our method provides more reliable SFR and gas mass estimates, because it reduces the scatter in spite of increasing the number of objects. We notice also that Gao & Solomon (2004b) claim that the star formation rate per unit mass of dense gas is constant for all galaxies, including ULIRGs, and that the star formation law in terms of dense molecular content is well represented by a power law with exponent ∼1.0.
Fig. 10. Correlations of the SFE with different quantities:
Upper left: Correlation of AGN corrected IR luminosity from the best-fit models and the derived SFE for our sample of (U)LIRGs. Upper right: SFE vs. the derived dense gas masses of the models. Lower left: SFE as derived from our models versus the evolutive phase of the starburst. Galaxies in common with the Gao & Solomon sample are marked as stars. Filled symbols correspond to galaxies fitted with pure SB models while open symbols correspond to those fitted with mixed (AGN + SB) models. Lower right: As adjacent panel but for the subset of galaxies in common with the Gao & Solomon sample and calculated using their derived molecular gas mass and our estimate of the recent SFR. Filled stars correspond to galaxies fitted with pure SB models while open stars correspond to those fitted with mixed models.
Such as rapid decrease of the star formation efficiency as the starburst evolves, strongly suggests that feedback plays a major role in the evolution of these extreme objects. To check whether there are significant differences between pure and mixed ULIRGs, we have plotted the former objects with filled symbols and the latter objects with open symbols. In the lower left panel of Fig. 10 there appears to be a separation between the two classes of ULIRGs, with the efficiency in early mixed objects being on the average ∼ 40% larger than in early pure starbursts. Given the small number of objects, this is far from being a definite conclusion. However, if confirmed, it will shed important new light on the AGN-Starburst connection. At present, we cannot say whether a higher efficiency in mixed (U)LIRGs is due to an enhancement of the SFR due to positive AGN feedback, or a lower mass of dense gas, due to negative AGN feedback.
While E SB (=Age b /t b ) is a quantity entirely derived from our best fit models it would be desirable to put the above finding on observational grounds, to check its independence from the modelling process. As already mentioned, Vega et al. (2005) found a tight correlation between E SB and the FIR colour f 60 / f 100 . This correlations goes in the sense that as the SB evolves, i.e. E SB increases, the infrared colour gets cooler, i.e. f 60 / f 100 decreases.
Indeed, by using the FIR colour instead of our indicator of the evolutive phase of the starburst, we obtain the correlation shown in Fig. 11 . A Kendall test indicates a very strong correlation between the SFE and the IR colours corrected for the AGN contribution, τ K = 0.78. This correlation remains strong (τ K = 0.77) if the observed IR colors, i.e. without AGN contribution correction, are used. log(S FE) = (1.74 ± 0.20) · log( f 60 / f 100 ) + (1.55 ± 0.03) (11) Instead of SFE we could have used the ratio LIR/L HCN and obtained a correlation analogous to that shown in Figure 9a of Gao & Solomon (2004) . Notice, that considering only ULIRGs in this Figure, a definite trend of decreasing efficiency at cooler f 60 / f 100 colour, with slope ∼ 1.72, is seen. Therefore, this strong correlation between the observed colour and the observed SFE indicates that this variation of the SFE is real. The additional information on the evolutive phase of the starburst and on the AGN contamination, allowed by a realistic modelling procedure, eliminates a large part of the dispersion in the star formation efficiency found by Gao & Solomon (2004) .
Implications for the evolution of LIRGs and ULIRGs
All but one of the 30 compact (U)LIRGs we have analyzed are predominantly powered by a starburst, contributing more than 80% of the bolometric light. Sixteen galaxies show evidence for the presence of an AGN, but only nine have an AGN contribution that exceeds 10% of the IR luminosity, although it may be larger at NIR-MIR wavelengths. Table 10 . Molecular data for the galaxies in common between the Gao and Solomon (2004a) sample and our sample of (U)LIRGs. Column (1) lists the name of the galaxy; (2) the luminosity distance in Mpc; (3) the total L IR , in units of 10 11 L ⊙ , given by Gao & Solomon (2004a) Fig. 11 . Correlation between the far-infrared color ( f 60 / f 100 ) and the derived SFE for our sample of (U)LIRGs. The meaning of the symbols are the same as in Fig. 5 . The thick solid line is the best fit to this correlation.
Since there is much evidence that IRAS bright galaxies are associated with gas-rich mergers, this could suggest that strong AGN activity is only triggered in certain types of mergers. Our sample is biased toward IRAS bright objects, and the mergers involved should be those in which disruption and/or infall of gas is expected, such as discussed by Sopp, Alexander & Riley (1990) . However, modelling of such encounters does not indicate that the dynamical parameters (prograde, retrograde orbit etc) influence the fueling of an active nucleus, at least for Seyfert galaxies (Keel, 1996) .
The alternative explanation is that strong AGN activity is common to most such mergers, but lasts for an order of magnitude less time than the starburst. This would correspond to AGN lifetimes of a few million years. The latter figure is in very good agreement with AGN lifetimes derived from the comparison of the ratio between SNIIb/c and SNII rates in normal spirals and in Seyfert II galaxies (Bressan, Della Valle & Marziani 2002) .
Conclusions
Based on homogenized literature data and on our own radio observations (Prouton et al. 2004 , Clemens et al. 2007 ) we have constructed well-sampled, broad band, NIR to radio spectral energy distributions of 30 luminous and ultra-luminous infrared galaxies, selected from the sample of compact (U)LIRGs of Condon et al. (1991) . For one third of the sample, the broad band SED has also been complemented by the published low resolution Spitzer IRS spectrum. The library of SEDs, available in electronic form (see Tables B.2 and B. 3), constitutes a real work bench for models aimed at interpreting such powerful and obscured sources. It is tempting to say that the template SEDs may be used for the analysis of huge star forming objects detected at high redshifts, if it were not that one of the strongest warnings emerging from this work is that it is dangerous to simply re-scale observed SEDs to highest luminosities. On the contrary, the aim of the present investigation was to determine physical parameters and environmental conditions that accompany very high star formation rates, that can be used to model high redshift galaxies.
To this end, we have analyzed the observed SEDs with a chemo-spectro-photometric code that includes one of the most advanced and realistic treatments of the complex interaction between star formation, starlight and dust reprocessing (GRASIL). In addition, emission from an AGN, based on the same homogeneous physics, was added in those cases where the pure starburst model failed to fit the data.
Our results can be summarized as follows:
-16/30 sources show evidence for the presence of an AGN. However only in 9/30 sources does the contribution of the AGN to the total infrared luminosity exceed 10%. Only one galaxy, IRAS 08572+3915, seem to be powered by an AGN. We therefore find that the fraction of starburst dominated objects (i.e. pure SB galaxies and mixed galaxies with AGN contributions lower than 10%) in our sample, is 70%. This value is in good agreement than that found by Farrah et al. (2003) . -In a previous paper we noticed that the results of fitting (U)LIRGs SEDs could be affected by a degeneracy between optical depth of the starburst MCs and the presence of the 22 Please give a shorter version with: \authorrunning and/or \titilerunning prior to \maketitle AGN, since both may affect the MIR emission. By sampling the silicate absorption feature at 9.7µm, low resolution Spitzer IRS spectra can actually break this degeneracy and provide a more accurate quantification of the AGN/SB parameters. The largest revision after including the Spitzer IRS spectrum, has been found for IRAS 15250+3609, whose broad band SED could be fitted by a pure starburst, whereas reproducing also the 9.7µm feature, revealed a dust obscured AGN contributing 20% of the IR luminosity. The classification of the other three pure starbursts remained unchanged. In those cases where the presence of the AGN were already suspected from other diagnostics, the inclusion of Spitzer IRS observations, confirmed this presence and increased the robustness of the derived parameters. . These lines may thus provide a fairly accurate measure of the AGN contribution to the bolometric luminosity of infrared luminous galaxies. The PAH equivalent widths and mid-infrared spectral slope on the other hand, overestimate (often by large factors) the AGN fraction. For two galaxies, our findings are markedly different from those of Armus et al., namely IRAS 14348-1447 and IRAS 15250+3609. For the former, we find an AGN contribution to the IR luminosity ∼ 10%, while they find no evidence of an AGN from the MIR analysis. Indeed, this AGN contribution is required by its red NIR colour, J-K= 1.71 which can not be explained with stellar populations alone. The power source of IRAS 15250+3609 could not be determined by Armus et al., while our analysis indicates that it is a mixed object with a very obscured AGN, that contributes ∼ 20% of the IR luminosity. -If an active nucleus forms part of a an evolutionary phase of ULIRGs then we expect this phase to be energetically important for an order of magnitude less time than the starburst. From our modelling, this would correspond to a few Myr. However, there is no evidence in our sample that the AGN phenomenon is correlated with a particular phase of the starburst, although all 4 AGNs in the early phase of the SB make a large IR contribution, while only 1 of the 12 associated with the later SB phases, has similar IR power. -There is evidence that the star formation in objects with an AGN decreases more rapidly than in pure starbursts. In fact, while about 75% of SBs with AGN have t b ≤20 Myr, all pure SBs have t b ≥20 (and only 3 with t b =20). A possible explanation is that the surrounding star forming regions have suffered from AGN feedback, either positively as a sudden enhancement of the SFR, or negatively by a more rapid decrease of the efficiency. -Since the MIR-FIR spectral region in our sample (U)LIRGs is dominated by MC emission, we can determine quite accurately the mass in dust associated with the dense star forming regions. We can convert this to the molecular gas mass, using a typical dust/gas ratio. We find a relation between the infrared luminosity and molecular gas mass with the same slope as that derived by Gao & Solomon (2004a) from observations of HCN emission. However, we derive a constant of conversion between HCN flux and mass of dense molecular gas a factor of 2 smaller than that assumed by these authors. Such a low conversion factor for the (U)LIRG population is suggested by Gao & Solomon (2004a) Notable outliers from this correlation are those few objects with an energetically important AGN. After correcting their IR luminosity for the AGN contribution, they also lie on the correlation. This is an independent check of the robustness of our method. If confirmed by the study of a larger sample of (U)LIRGs this correlation can be used to evaluate the AGN fraction in distant ULIRGs with known IR and HCN luminosities (e.g. such those observed by Gao et al. 2007 ). -Using the ratio between the current SFR and the mass of dense molecular gas we obtain an estimate of the reciprocal of the consumption time that we call efficiency of star formation. While there seems not to exist clear correlations between SFE and IR luminosity of the starburst or mass of dense molecular gas, an evident anti-correlation appears when SFE is plotted against the starburst phase. The SFE decreases by about one order of magnitude as the SB evolves from its early phase to the more advanced phases. This anti-correlation is not due to a circularity in our fitting method, because it is also evident if we adopt the gas masses obtained by Gao & Solomon (2004a) , although with a larger dispersion. Indeed, most of the dispersion in the star formation efficiency derived observationally from HCN emission (Gao & Solomon, 2004b) , can be attributed to this evident fall in efficiency during the lifetime of a starburst. Table B .2. Best fit models for (U)LIRG SEDs. The models include also the possible AGN contribution. Notice that λ is in the rest frame and should be converted to observed wavelength by using the radial velocity provided in the second row. Fluxes are in the observed rest frame. This 
